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Potential  Raman  spectral  parameters  of  kerogens  are  discussed  in  this  work  to evaluate  the  thermal  matu-
rity of  organic  matter.  Four  series  of  simulation  experiments  were  carried  out, including  the  semi-open
system,  closed  golden  tube  system  and  two sets of  closed  glass  tube  system.  Samples  were treated  for
72  h  within  the  temperatures  range  280–560 ◦C. The  results  showed  that  the  Raman  parameters,  such
as  the  shift  of  the  spectral  peaks  G  (∼1600  cm−1)  and  D (∼1350 cm−1),  D/G  ratios  (based  on area,  height
or width)  and  the inter-peak  interval  between  peaks  G  and  D, varied  regularly  with  increased  thermalhermal maturity of kerogen
yrolysis experiments
maturity.  However,  some  results  from  the closed  glass  tube  systems  were different  from  the  other  two
pyrolysis  systems,  which  can  be  attributed  to the different  cracking  characteristics  of kerogen  macro-
molecules  under  different  conditions.  This  observation  is  quite  revealing  and  we  therefore  suggest  that
different  simulation  models  should  be  employed  to study  the geological  samples  from  speciﬁc  geological
backgrounds,  and  multiple  parameters  should  be  examined  for  optimal  constraints.
© 2014  Elsevier  B.V.  All  rights  reserved.. Introduction
Determining the level of thermal maturation of kerogen is one
f the basic objectives for evaluating source rocks. This can be
ccomplished by different methods such as organic petrology [1],
rganic geochemistry [2] and spectroscopy analysis [3]. Vitrinite
eﬂectance (Ro%) is one of the most important appraisal indices.
owever, Ro cannot be used to assess marine organic matter, or
rganics matter prior to the Devonian because of the absence of the
errestrial vitrinite, which derives from woody precursor materials
hat had not evolved at that time. Petroleum biomarker parameters
an also be used to assess thermal maturity and generally make
se of ratios that proxy isomerization reacts at certain asymmet-
ic carbon atoms. Unfortunately, many parameters and ratios for
aturity assessment often reach equilibrium early at oil-generative
tage and therefore do not provide further maturity information at
igher thermal maturity levels.
Raman spectroscopy has been successfully used to evaluate
he degree of thermal alternation of organic matter, by measur-
ng the Raman spectral peaks at approximately 1600 cm−1 (peak
) and 1350 cm−1 (peak D). Most Raman indices are based on
∗ Corresponding author. Tel.: +86 20 85290190; fax: +86 20 85290706.
E-mail addresses: liaozw@gig.ac.cn, zw liao@hotmail.com (Z. Liao).
ttp://dx.doi.org/10.1016/j.jaap.2014.03.007
165-2370/© 2014 Elsevier B.V. All rights reserved.inter-peak interval (or G–D band separation), D/G ratios based on
the spectral peak width, area or height. The intensity ratios of D/G
are common Raman parameters to assess the evolution stages of
organic matters [3–6]. Hu et al. [7] maintained that D/G  area ratios
decreased with increasing Ro (%) of sedimentary organic matter
with various degrees of metamorphism. In addition, the half-width
of peak G from chitinozoan–macerals has been reported as a poten-
tial indicator for carbonaceous maturation levels [8]. Raman Index
of Preservation (RIP) has been used to describe the preservation
extent of fossil organic matter. It is deﬁned by the ratios of the
area of peak D and its shoulder (centred at∼1270 cm−1). It has been
shown that less altered fossils have higher RIP values and can be
classiﬁed into nine grades [9].
However, Duan et al. [10] observed that coals with increasing
thermal maturities had bigger Raman G–D band separation, but
that this separation became smaller after a Ro value of 4.4%. Hu
et al. [7,11] demonstrated that at high levels of thermal evolution
(Ro > 2.0%), the G–D band interval decreased with the increasing
maturation level of sedimentary organic matter. Kelemen et al. [12]
and Liu et al. [13] proposed a positive linear correlation between
the inter-interval of peaks D/G and Ro. Beyssac et al. [14,15] and
Bernard et al. [16] suggested that simple D/G band ratios are not
adequate to evaluate the thermal maturity level of geologic car-
bonaceous materials by changes in Raman spectra. It seems that
Raman spectra could be applied to evaluate the thermal maturity
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Fig. 1. Area of peak G regarding different maceral units in each sample with increas-
ing thermal maturity levels exempliﬁed by the sample from semi-open pyrolysisJ. Du et al. / Journal of Analytical an
f carbonaceous materials, but that different reports have con-
radictory results and perspectives on the usefulness of different
arameters.
In the present study, we have investigated the effect of vari-
us degrees of thermal alteration by pyrolyzing residual kerogens
rom low to over mature levels (corresponding to Ro of 0.52–3.6%)
sing four different pyrolysis methods. The aim is to measure and
atalogue various Raman parameters at different stages of thermal
volution.
. Samples and experiments
.1. Samples
Two types of samples, calcareous mudrock (MR) and oil shale
OS) were used in this study. MR  was collected from the Permian
ucaogou formation in the Yuejingou section of Santanghu Basin,
W China, from type II kerogen with Ro value around 0.52%. OS was
btained from Paleogene Youganwo formation of Maoming Basin,
E China, from type II kerogen with Ro around 0.34% according to
he work from Hou et al. [17]. Some basic geochemical data are
howed in Table 1.
.2. Pyrolysis experiments
.2.1. Semi-open system
The apparatus used here was similar to the one described by Fu
nd Qin [18]. The muddy source rock was powdered to 80 mesh.
he powder was pressed into the cylinder whose bottom was  con-
ected to the outside for the pyrolysates drainage. Then the cylinder
as introduced into the heater for pyrolysis. Both temperature and
ressure were considered in this system, and thus a batch of sam-
les were pyrolyzed under 280 ◦C, 320 ◦C, 350 ◦C, 380 ◦C, 400 ◦C,
20 ◦C, 440 ◦C, 460 ◦C, 480 ◦C, 500 ◦C, 520 ◦C, 540 ◦C and 560 ◦C for
2 h respectively under a constant pressure of 80 MPa. After the
yrolysis experiments, the residue kerogens were prepared from
he rocks based on the methods describe under the following sec-
ion.
.2.2. Closed golden tube system
Pyrolysis was conducted on kerogens instead of source rock
amples as the case with the semi-open system. The kerogens were
btained from source rocks by HCl/HF acid treatment according to
u et al. [19]. Both lignite of a low thermal maturity and kerogen
amples were heated under the same conditions, with lignite as
n internal standard for the maturation appraisal of the pyrolyzed
erogens. A batch of samples was sealed into golden tubes under
rgon protection environment, which were then placed into the
utoclave for the pyrolysis procedure. Pressure was controlled at
5 MPa  by adding water into the autoclave, and temperatures were
80 ◦C, 320 ◦C, 350 ◦C, 380 ◦C, 400 ◦C, 420 ◦C, 440 ◦C, 460 ◦C, 480 ◦C
espectively for 72 h.
.2.3. Closed glass tube system
Kerogens from mudrock (Closed-glass tube-a) and oil shale
Closed-glass tube-b) were pyrolyzed using closed glass tube sys-
ems. Pyrolysis temperatures were set at 320 ◦C, 340 ◦C, 360 ◦C,
80 ◦C, 400 ◦C, 420 ◦C, 440 ◦C, 460 ◦C, 480 ◦C and 500 ◦C, respectively
or 72 h.
.3. Residual kerogen preparation from the pyrolysatesAfter the pyrolysis experiments, all the residue kerogens from
he rocks (for the semi-open system) or from the raw kerogens (for
he closed systems) were Soxhlet extracted by dichloromethane
DCM) for at least 72 h to remove the liquid products. The residualsystem. In the ﬁgure each data point was typically averaged from 6 to 8 measures
on  one sample, with the relative standard deviation (rsd) < 15%.
kerogens were further reﬁned in ZnBr2 solution ( ≈ 2.4 g/ml) to
move the co-precipitated minerals according to Grzegorz et al. [20].
And thus the reﬁned residual kerogens were used for the elemental
and Raman spectroscopy analysis.
2.4. Elemental analysis
Elemental C, H and N of residual kerogens were analyzed by
Vario EL cube Element analyzer, while oxygen content was  ana-
lyzed by Vario EL III Element analyzer. Each sample was  analyzed
at least twice and the average values were reported.
2.5. Optical reﬂectance and Raman spectroscopy measurement
3Y-Leica DMR  XP microphotometer was  used to measure the
optical vitrinite reﬂectance of coal samples, with objective 125×
oil and immersion oil refractive index N = 1.515.
HORIBA-JY LabRAM fully automatic micro-laser Raman spec-
troscope combining NGS Labspec software was used for Raman
spectroscopic measurement on the kerogen samples. The mea-
surement conditions were calibrated according to Liu et al. [13]:
wavelength 532 nm,  ﬁlter 1%, hole 300, Grating 1800 T, Raster slit
100um, exposure time 20–40 s, objective 100×, eyepiece 10×,  each
sample was  scanned from 400 cm−1 to 4000 cm−1.
Liu et al. [13] found that in a reasonable thermal maturity scope,
the Raman spectra show much similarity regarding different mac-
eral units in one sample. Therefore 6–8 points were measured on
each sample to get the kerogen structure information as a whole,
which is exempliﬁed by the area of Raman peak G from the semi-
open pyrolysis systems as shown in Fig. 1, with the relative standard
deviations around 10% and all <15%. The reported results in this
work were typically obtained by averaging these values after the
obvious diverged ones were ruled out.
3. Results and discussion
3.1. Thermal maturity level calibration from the elemental results
of (residual) kerogens
The vitrinite reﬂectance values of lignite subjected to closed-
pyrolysis in golden tubes is presented in Table 2. The elemental
results of the residual kerogens changed regularly with thermal
maturity as reported previously [21]. Therefore, the elemental
results can be used to calibrate the thermal maturity levels of
the residual kerogens according to the measured values from the
internal standard of lignite. The evolution relationship between the
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Table 1
Some basic geochemical data of the samples used in this work.
Sample Lithology Ro (%) Tmax (◦C) TOC (%) S1 (mg/g) S2 (mg/g) S3 (mg/g) HI (mg/g TOC) H/C (atomic ratio) O/C (atomic ratio)
MR Mudstone 0.52 436 10.67 0.57 53.08 4.84 497 1.354 0.133
OS  Oil shale 0.34a 428 12.78 1.04 64.34 2.72 503 1.382 −
Note: Tmax (◦C): The temperature where the maximum amount of S2 hydrocarbons is generated, TOC (%): the total amount of organic carbon in the rock, S1 (mg/g): milligrams
of  hydrocarbons thermally distilled per gram of rock, S2 (mg/g): hydrocarbons generated by pyrolysis of the kerogen in per gram rock, S3 (mg/g): milligrams of carbon dioxide
generated from a gram of rock during temperature programming up to 390 ◦C, HI (mg  HC/g TOC): the quantity of S2 relative to the total organic carbon, the ratio of H/C and
O/C  were calculated from kerogen.
a Result from Hou et al. [17].
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Rig. 2. Correlation relationship between atomic H/C ratios of kerogens and vitrinite
o values from the closed golden tube pyrolysis systems.
tomic H/C ratios of residual kerogens and the Ro values (measured
rom lignite) are shown in Fig. 2.
The atomic H/C ratios of residual kerogens decreased with
ncreasing thermal evolution as expected (Fig. 2). A negative linear
elationship exists between the atomic H/C ratios of residual kero-
ens and Ro values with increasing thermal evolution. This can be
escribed by the following function:
/C (atomic ratios) = −0.5555 Ro(%) + 1.509 (1)
Eq. (1) can be applied in the Ro range 0.4–1.6%. However, at
igher thermal maturity, this relationship will diverge from Eq. (1)
nd further constraints are needed [20,22].
The solid points in Fig. 3 show the Ro values of residual kero-
ens from the semi-open pyrolysis system according to Eq. (1).
owever, the trend lines of these Ro values levelled off (hollow
oints in Fig. 3) after the pyrolysis temperature >460 ◦C, and this
s in contrast to the previously reported work using the same set
f semi-open pyrolyzer [19]. Base on the results from this work,
q. (1) can be properly applied only for the pyrolysis experiments
ower than 460 ◦C. For higher maturation levels, the solid line in
ig. 3 is ﬁtted to evaluate the relationship between Ro values and
he H/C ratios of residual kerogens yielded from different pyrol-
sis temperatures. The ﬁtted Ro values for the closed glass tube
able 2
esults of the elemental analysis and lignite Ro values from the closed golden tube pyroly
T (◦C) Ro (%) C (%) H (%) 
Initial kerogen 0.39 72.75 8.22 
280  0.45 74.02 7.78 
320  0.50 74.86 7.81 
350  0.52 75.05 7.56 
380  0.60 76.96 7.47 
400  0.77 78.08 7.32 
420  0.84 78.53 6.54 
440  0.95 78.25 5.62 
460  1.43 77.42 4.69 
480  1.65 79.23 3.97 Fig. 3. Ro evolution versus pyrolysis temperatures from the semi-open systems
(data of argillite and lignite were quoted from Fu et al. [19]).
pyrolysis systems were obtained in this way; based on the rela-
tionships between Ro values and the H/C ratios of residual kerogens
(Table 3).
3.2. Raman spectra of (residual) kerogens from different pyrolysis
systems
The Raman spectra of (residual) kerogens are characterized by
dominant peaks G (graphitic) and D (disordered) around 1600 cm−1
and 1350 cm−1, respectively (Fig. 4). Peak G is ascribed to the in-
plane bond stretching motion of carbon-carbon double bond (C C),
and refers to the E2g mode of symmetry [23], which occurs in aro-
matic and oleﬁnic molecular units. Peak D corresponds to the A1g
mode of symmetry, which is strictly related to the presence of aro-
matic rings with defects (e.g. bond angle/bond length defects, or the
presence of substituent groups) [23]. The relative intensity of peaks
G and D reﬂects the degree of ordering of the inner-structure and
an enrichment in aromatic carbon. Therefore, if kerogen becomes
more aromatic as it thermally matures, Raman parameters that
measure the degree of aromaticity can be used to assess the thermal
evolution of kerogens.
sis system.
O (%) H/C  (atomic ratio) O/C (atomic ratio)
12.87 1.3554 0.1327
10.55 1.2608 0.1069
9.36 1.2521 0.0937
9.29 1.2092 0.0929
6.83 1.1649 0.0666
6.20 1.1248 0.0596
5.51 0.9995 0.0527
5.66 0.8616 0.0543
7.19 0.7267 0.0696
8.30 0.6017 0.0785
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Table  3
Fitted Ro values of residual kerogens from semi-open and closed pyrolysis systems in this work.
T (◦C) Semi-open system
H/C atomic ratios
Semi-open system
Ro (%)
Closed-glass tube-a system
H/C atomic ratios
Closed-glass tube-a system
Ro (%)
280 1.2372 0.49 – –
320  1.1555 0.64 – –
350  1.0459 0.83 – –
360  – – 0.6181 1.61
380  0.8352 1.21 0.5660 1.70
400  0.6399 1.57 0.5108 1.80
420  0.5795 1.67 0.4676 2.03
440  0.5141 1.79 0.4425 2.24
460  0.5071 2.15 0.4175 2.43
480  0.4774 2.41 0.3924 2.52
500  0.4283 2.59 0.3516 2.71
520  0.3949 3.00 – –
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560  0.3169 3.60 
As seen in Fig. 4, the Raman spectra of residual kerogens from
ifferent pyrolysis systems changes regularly with the increasing
hermal evolution levels. Take the semi-open system (Fig. 4a) for
xample, at low maturation stages (<380 ◦C the baseline of Raman
pectra shift upwards, showing an irregular shaped and asymmet-
ical peak D due to interference from strong ﬂuorescence. With
ncreasing pyrolysis temperature, the intensity of ﬂuorescence
s reduced due to the breakdown of alkyl chains and functional
roups within kerogen structures [1,24]. With increasing thermal
volution, the spectra baseline levels off and both peaks D and
 peaks became more distinct from the ﬂuorescent background.
he intensities of peaks D and G varied regularly with increas-
ng thermal evolution, and similar variation is found in the Raman
pectral features of the other three pyrolysis experiment systems
Fig. 4b–d).
ig. 4. Raman spectra of residual kerogens from different pyrolysis experiments. (a) Sem
ube-b.– –
– –
3.3. Potential Raman parameters for the kerogen thermal
evolution appraisal
The structural evolution of kerogens is often classiﬁed into three
sequential stages: diagenesis, catagenesis and metagenesis [21,25].
In this study, we  observed that the digenetic stage is character-
ized by the loss of large amounts of oxygen from kerogen, mainly
in the form of CO2 and H2O. Interference from ﬂuorescence was
strong in Raman spectra for samples corresponding to this stage
of alteration. Catagenesis, the main stage of oil/gas generation
from kerogens, roughly corresponds to the pyrolysis temperatures
range 350–460 ◦C in this work. During the stage, the effects of
dealkylation and aromatization of kerogens dominates their Raman
spectral features. At the metagenesis stage, the molecular struc-
tures of residue kerogens further reorganize, with more condensed
i-open system, (b) closed-golden tube, (c) closed-glass tube-a, and (d) closed-glass
246 J. Du et al. / Journal of Analytical and App
Fig. 5. Variation of the ratios of Dw/Gw, Da/Ga and Dh/Gh in Raman spectra from
the series of residual kerogens with the thermal maturation level (Ro values were
ﬁtted from Fig. 3). In the ﬁgure each data point were typically averaged from 6
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Gs (cm ) = −10.38Ro(%) + 27.46 (2)o  8 measures on one sample, with the relative standard deviation (rsd) < 15% for
w/Gw, <15% for Da/Ga and <5% for Dh/Gh. (a) Dw/Gw based on peaks’ half-widths,
b) Da/Ga on peaks’ areas, and (c) Dh/Gh on peaks’ heights.
romaticity and better ordering which is reﬂected in the Raman
pectra. The potential Raman indices for the kerogen maturation
volution appraisal are discussed in the following sections.
.3.1. Variation of the D/G ratios (based on peak width, height or
rea) in Raman spectra from the series of residual kerogens
Comparisons of the relative strength of peaks D and G are stated
s D/G ratios in this paper, in which D and G measurements can
e obtained from the peaks’ half-widths (Dw/Gw), heights (Dh/Gh)
r areas (Da/Ga) [4,26]. Ratios of Da/Ga were reported to decrease
apidly with increasing laboratory maturation but then levelled off
p to metagenesis [12], while ratios of Dh/Gh increased linearly
ith increasing vitrinite reﬂectance [13]. D/G ratio variations from
he series of residual kerogens in this work are shown in Fig. 5.
he results from the two glass-tube systems are remarkably dif-
erent from the other two systems. This is further corroborated bylied Pyrolysis 107 (2014) 242–249
the shadow region in Fig. 5. This may  be attributed to the diverse
chemical pyrolysis mechanisms that variably affect the molecular
structures of kerogen depending on pyrolysis systems.
Conceptual models of the products produced by the two pyrol-
ysis methods are well developed. As glass tube pyrolysis took place
under rigid conditions, without the effect of extraneous pressure,
compared to the semi-open or closed golden tube systems, pyroly-
sis proceeded under a thermodynamic non-equilibrium condition.
In this case the main control on reaction rate, from a kinetic per-
spective, is pyrolysis temperature. And thus smaller aromatic rings
are readily scatteredly developed and “archipelago” type archi-
tectures are produced in residual kerogens [27,28]. These smaller
aromatic sub-units are connected by aliphatic chains. However,
chemical reactions in the semi-open or closed golden tube systems
proceeded mainly under a thermodynamic equilibrium condition
with the effect from extraneous pressure. So the larger conju-
gated aromatic clusters are developed and more “continental” type
architectures produced in the residual kerogens, characterized by
more bigger aromatic cores/clusters connected to aliphatic chains
[27,28].
The different D/G ratios that resulted from different pyrolysis
systems can be adequately explained by the conceptual models
of kerogen evolution described above. For the closed glass tube
systems, the residual kerogens have stronger peak D relative inten-
sities when compared to the other two systems, as more small
aromatic units developed within the macromolecular structures,
producing greater disorder. Consequently, higher ratios of Dw/Gw
and Da/Ga were observed (more than 3.8 and 2.8 respectively), in
contrast to values produced by other pyrolysis methods (Fig. 5a
and b). Furthermore, the “archipelago” type structured residual
kerogens from glass tube pyrolysis experiments also resulted in
a wider peak D and thus the lower ratios of Dh/Gh were obtained
as compared to the other two systems (Fig. 5c).
The evolution trend of the Raman parameters from the semi-
open system is similar to that from the closed golden tube system
(Fig. 5). At lower maturation stages (Ro < 1.0%), the ratios of Dw/Gw
and Da/Ga increase with Ro, whereas Dh/Gh has no obvious
changes. As thermal maturation increases (Ro 1.0–2.5%), no sig-
niﬁcant variation could be observed for all the three parameters
(Fig. 5). However, at Ro range 2.5–3.6%, ratios of Dw/Gw and Da/Ga
decrease while Dh/Gh increases with increasing maturation level.
And the evolution trends of these 3 Raman parameters from the
closed glass tube systems are much simpler during the pyrolysis
temperature ranges, in that the ratios of Dw/Gw and Da/Ga on the
whole increased via their thermal maturation levels and levelled
off to Ro > 2.0%, whereas versus for parameter of Dh/Gh (Fig. 5).
3.3.2. Shifting of peaks G and D
The chemical structures of residual kerogens would proceed
towards more condensed aromatic ring units (similar to small
graphite-like structures) with increasing thermal maturation lev-
els, during this process peak G in the Raman spectra shifts to
1580 cm−1 as pure graphite is posited [23,29]. Therefore the inter-
val of peak G from residual kerogens to the position of 1580 cm−1
is expected to vary regularly with increasing thermal evolution as
indicated in Fig. 6.
For the semi-open and closed golden tube pyrolysis systems,
peak G shifts on the whole to a lower position with increasing ther-
mal  maturity. For thermal maturities in the range Ro 0.83–2.0%, the
change in position of the peak G maxima to a lower position (Fig. 6.)
can be described by the following function:
−1where Gs (shift of peak G) is represented by the interval value
(cm−1) of peak G at the position of 1580 cm−1. For the Ro range
2.0–3.5% for the semi-open pyrolysis system, the position of peak G
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oig. 6. Position shift of peak G in the Ramam spectrafrom 1580 cm−1 (Ro values
ere ﬁtted from Fig. 3). In the ﬁgure each data point were typically averaged from
 to 8 measures on one sample, with the relative standard deviation (rsd) < 0.5%.
entred around 1591 cm−1 with little changes. Whereas for Ro val-
es greater than 3.5% it shifted to a lower position from 1590 cm−1
o 1584 cm−1 (Fig. 6).
During metagenesis the change in peak G position for the prod-
cts of the two closed tube pyrolysis systems was  almost the
ame; shifting to higher positions with increasing thermal evolu-
ion (Fig. 6 as indicated by the shadow part). It seems that the shift
f peak G (Gs) in the spectra is controlled by the experimental sys-
ems, and the relationship between Gs and Ro for the closed glass
ube pyrolysis system can be constrained by the following function:
s (cm−1) = 4.721Ro(%) + 9.381 (3)
As discussed earlier, bigger aromatic cores in the residual
erogens are liable to develop under thermodynamic equilibrium
ondition (the semi-open or closed golden tube systems in this
ork). Therefore, peak G of residual kerogens from semi-open or
losed golden tube systems tends to approach to the position of
raphite in the spectra at 1580 cm−1 with the increasing thermal
volution (Fig. 6).
Compared to the shift of peak G in the Raman spectra, variations
n the position of peak D with increasing thermal evolution are
uch more complex. The position of Peak D for different Ro values
ig. 7. Position variations of peak D in the Raman spectra (Ro values were ﬁtted from
ig. 3). In the Figure each data point were typically averaged from 6 to 8 measures
n one sample, with the relative standard deviation (rsd) < 0.8%.Fig. 8. Variations of peak G–D interval distance with thermal evolution level (Ro
ﬁtted from Fig. 3). In the Figure each data point were typically averaged from 6 to 8
measures on one sample, with the relative standard deviation (rsd) < 5%.
is indicated in Fig. 7; on the whole there is a shift to a lower position
in the spectra. For a Ro value of around 1.8%, the position of peak D
change to a higher Raman shift.
3.3.3. Interval distance between peaks G and D (G–D)
The Raman interval distance of peaks G and D (G–D) vary reg-
ularly with the increasing thermal evolution (Fig. 8). However,
there are some inﬂection points in the evolutionary curve of the
inter-peak interval with maturation, contrary to the linear positive
correlation obtained by Liu et al. [13]. With increasing levels of the
thermal evolution, the interval distance from all four pyrolysis sys-
tems ﬁrstly decreases, and then increases due to the changes in the
vibration mode of the peaks [13]. The reversal point of G–D for the
two closed glass tube systems is around Ro 2.2%, while it is around
2.4% for the semi-open system and the closed golden tube system.
In addition, the Raman interval distance of the two  closed glass tube
systems is bigger than that of the semi-open system and the closed
golden tube system at the same stages of thermal evolution (Fig. 8).
3.3.4. Raman Index of Preservation (RIP)
The Raman Index of Preservation (RIP) was  proposed by Schopf
et al. [9] and was  used to quantitatively evaluate the degree of
preservation of organic fossils. It is deﬁned as follows:RIP = ˛

=
∫ 1300
1100
I(v)dv/
∫ 1370
1300
I(v)dv (4)
Fig. 9. Relationships between RIP results and the thermal evolution levels (Ro ﬁt-
ted  from Fig. 3). In the Figure each data point were typically averaged from 6 to 8
measures on one sample, with the relative standard deviation (rsd) < 12%.
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Fig. 10. Relationship between G/ index and Ro values from the semi-open pyrol-
ysis  systems (Ro ﬁtted from Fig. 3). In the Figure each data point were typically
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here the  parameter represents the contribution of the shoulder
f peak D centred at ∼1270 cm−1. It is believed that the parameter
ften decreases with increasing geochemical alteration of kerogens
uring the early stages of thermal evolution. The  parameter rep-
esents the contribution from peak D and increases with increasing
aturation. Thus in theory, RIP values would decrease with increas-
ng thermal maturity [9].
The relationships between the RIP and Ro values are shown in
ig. 9. These relationships cannot be constrained by a simple linear
unction as there is a point of inﬂection. The results of this study
ontrast with the conclusion of Schopf et al. [9]. This may  be due
o the different carbonaceous materials investigated and different
copes of thermal maturity evolution, as the carbonaceous fossils
ere directly used for the Raman determination in the work from
chopf et al. [9], while in this study the kerogens and their pyrolysis
esidues were used.
.3.5. G/ˇ  index
The RIP-index only uses peak D, but neglects peak G. However,
eak G indicates the degree of residual kerogen graphitization in
elation to the level of thermal evolution. We  therefore propose the
ollowing expression, termed the G/  index, based on our work as
he follows:
/  ˇ = Ga/
∫ 1300
1100
I(v)dv (5)
here Ga represents the peak area G and  as the integral area
anging from 1100 cm−1 to 1300 cm−1 encompassing the shoulder
f peak D. Parameter  can be generally an indicative for the dis-
rder degree in the molecular structures of the residue kerogens.
alues of the G/ index for the semi-open pyrolysis system only are
resent in Fig. 10, which showed little variance before Ro of 2.2%
ut dropped quickly and then increased after Ro more than 3.0%.
he results show different constrain in relationships with the dif-
erent thermal evolution stages, which is well in accordant with the
esults from other parameters discussed in the previous sections.
Fig. 11. Potential Raman evaluation parameters a
odiﬁed from Tissot and Welte [21], Fu and Qin [18].averaged from 6 to 8 measures on one sample, with the relative standard deviation
(rsd) < 9%.
3.3.6. Potential Raman evaluation parameters associated with
kerogen thermal evolution
The thermal evolution of kerogens typically involves three suc-
cessive stages, namely diagenesis, catagenesis and metagenesis
(Fig. 11). During diagenesis (with Ro < 0.5%), the main chemical
reaction is the loss of large amounts of oxygen in form of CO2 and
H2O. During catagenesis (Ro: 0.5–2.0%) hydrocarbons are generated
from kerogens by pyrolysis. This stage is further divided into two
regimes: the oil generation zone (Ro: 0.5–1.3%) and gas generation
zone (Ro: 1.3–2.0%) [21]. During the metagenesis stage (Ro ≥ 2.0%),
more gases mainly CH4 are generated due to the demethylation and
more pervasive aromatization of kerogens (Fig. 11).
It is evident from the above discussion that different Raman
parameters would be expected to change differently depending on
the stage of thermal evolution, e.g. whether diagenetic, catagenetic
or metamorphic reactions are occuring. Parameters measuring the
change in position of peak G and the internal distance of peaks
(G–D) can be applied to assess the thermal maturity of kerogens.
The former parameter can be used between the stage of Ro 0.5–1.8%
constrained by the semi-open pyrolysis results and the Ro 1.5–3.0%
constrained by the closed pyrolysis (glass) systems (Fig. 6). While
the latter parameter is applicable during a range of Ro values from
ssociated with kerogen thermal evolution.
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.0 to 3.0%, depending on whether alteration is taking place dur-
ng the catagenesis or metagenesis stage (Fig. 8). The RIP and G/
arameters can also potentially be used to evaluate the thermal
aturity level of kerogen, either at the high or over mature stage
Figs. 9 and 10). These relationships are summarized in Fig. 11,
here different legends represent the relationships of the param-
ters with an associated stage in the thermal evolution of kerogen.
.4. Geochemical implication
For equal levels of thermal alteration (based on Ro) different
yrolysis systems can be shown to produce kerogen with varied
esponses to Raman spectral analysis. This suggests that the speciﬁc
eological history of an area needs to be considered when inter-
reting Raman data. Additionally this study reveals that Raman
pectroscopy can be used to separate the thermal evolution of kero-
en into different stages, which ﬁt the general models of geological
acromolecules present in the literature [18,23,25].
So the evolution stage features of the Raman parameters should
e considered in practical applications, and multiple parameters
hould be simultaneously discussed to constrain the thermal evolu-
ion level of the studied samples. This method is now being applied
n studying some geological samples.
. Conclusions
Raman parameters were discussed for the potential application
n the thermal evolution appraisal of kerogens based on four series
f pyrolysis experiments. The results from different pyrolysis sys-
ems revealed different evolution trends with increasing thermal
aturation. The Raman parameters from the semi-open and closed
olden tube system presented similar results, however, remarkable
ifference was observed from the other two closed glass tube sys-
ems. In the residual kerogens from the semi-open system or closed
olden tube system the bigger aromatic cores “continental”-type
rchitectures are liable to develop, whereas the “archipelago”-type
nits with smaller aromatic ring systems are more developed in
he residual kerogens from the two glass tube pyrolysis systems.
Lower ratios of Dw/Gw and Da/Ga but higher values of Dh/Gh
ere found for the residual kerogens from the semi-open and
losed golden tube systems, while versus to the other two closed
lass tube systems. Likewise the evolution trends of Raman param-
ters, the shifting of peak G and the interval distance between peaks
/D, are dependent on different pyrolysis systems.
Raman parameters such as ratios of D/G, peak G shifting, inter-
al of peaks G/D, RIP and G/ ratios are potentially applicable for
he thermal evaluation of kerogens under different constrained
onditions. For the Raman parameters application to the geolog-
cal samples, results from different pyrolysis systems should be
crutinized for the speciﬁc geological environments, and multiple
arameters should be simultaneously discussed to constrain the
hermal evolution level of geological samples studied.
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